Introduction {#s1}
============

Transient Receptor Potential (TRP) ion channels are involved in multiple important biological processes in organisms from yeast to mammals ([@bib45]). These processes range from organelle function and trafficking in single cells ([@bib101]) to the primary detection of sensory stimuli ([@bib52]) and whole-animal thermoregulation ([@bib89]). TRPV1 is particularly important due to its role as an integrator of pain-producing stimuli and inflammatory mediators in nociceptive sensory neurons ([@bib53]). Underlying all these processes is the ability of TRP channels to rapidly conduct cations across biological membranes in response to remarkably diverse types of activating stimuli, either for net cation transport or to trigger electrical signaling.

Vertebrates express 27 TRP channel genes, grouped into six subfamilies: TRPA -- Ankyrin; TRPC -- Canonical; TRPM -- Melastatin; TRPML -- Mucolipin; TRPP -- Polycystin; TRPV -- Vanilloid. TRP channels assemble as homo- or hetero-tetramers with cytosolic domains that differ in size and structure between subfamilies, and a transmembrane domain fold that is very similar between all members of the family. Each subunit contains six transmembrane helices (S1-S6) that fold in a similar way to voltage-gated cation channels ([@bib49]). The S1-S4 helices from each subunit form modulatory domains that surround the central cation-conducting pathway formed by four sets of S5 and S6 helices ([Figure 1](#fig1){ref-type="fig"}) ([@bib101]).

![Gating the pore of the TRPV1 channel.\
The pore domain of the unliganded (apo, PDB: 5IRZ) and Resiniferatoxin (RTx)/Double-knot toxin (DkTx) bound (PDB: 5IRX) TRPV1 channel structures ([@bib21]) with only two opposing subunits depicted. The turquoise densities illustrate the ion-conducting pathway according to the van der Waals pore-radius calculated using HOLE ([@bib79]), which is explicitly shown at the narrowest points on the selectivity filter (S.F.) and cytosolic gate.](elife-51212-fig1){#fig1}

Stimuli that activate TRP channels target sites throughout the entire protein ([@bib41]), yet all must ultimately alter the structure of the pore to enable it to open. Structural data suggest that the general mechanism for opening and closing (i.e. gating) the pore could be conserved throughout the TRP channel family ([@bib62]; [@bib39]). In particular, the pore domain in most TRP channel structures adopts a non-conducting conformation in which the cytosolic half of the ion conduction pathway is obstructed by the pore-lining S6 helices at one or more relatively conserved cytosolic constrictions that could function as an activation gate ([Figure 1](#fig1){ref-type="fig"} and [Figure 1---figure supplements 1](#fig1s1){ref-type="fig"} and [2](#fig1s2){ref-type="fig"}). As expected for an activation gate, this cytosolic constriction expands in some TRP channel structures that were solved in the presence of activators or mutations that favor opening ([@bib8]; [@bib21]; [@bib73]; [@bib91]; [@bib31]; [@bib32]; [@bib50]; [@bib77]; [@bib88]; [@bib105]; [@bib110]) ([Figure 1](#fig1){ref-type="fig"} and [Figure 1---figure supplements 1](#fig1s1){ref-type="fig"} and [2](#fig1s2){ref-type="fig"}). Moreover, functional assays have confirmed the presence of a cytosolic gate in the TRPV1 channel ([@bib60]; [@bib35]; [@bib70]), as well as other TRPV, TRPC, TRPM and TRPP channels ([@bib104]; [@bib105]).

Structures of TRPV1 ([@bib21]), TRPV2 ([@bib109]; [@bib18]; [@bib111]) and TRPP1 ([@bib74]) channels in different states have additionally suggested that the selectivity filter, which 'selects' the types of cations that can permeate upon channel activation ([@bib61]), can physically obstruct cation permeation ([Figure 1](#fig1){ref-type="fig"} and [Figure 1---figure supplement 1A](#fig1s1){ref-type="fig"}). TRPV1 channels are activated by multiple stimuli that target the external face of the pore where the selectivity filter resides ([@bib38]; [@bib5]; [@bib3]; [@bib21]; [@bib36]). In addition, mutations in that region severely impact gating in TRPV ([@bib24]; [@bib55]; [@bib25]; [@bib103]), TRPA1 ([@bib87]; [@bib40]) and TRPM ([@bib56]; [@bib86]; [@bib102]) channels. Together, these results suggest that the selectivity filter region has an important influence on channel activation and that the filter could act as an activation gate in addition to that formed by the S6 helices. Indeed, the selectivity filter is directly involved in the gating of channels that have a similar transmembrane fold to TRP channels: Gating at the filter controls stimulus-dependent opening and closing of large-conductance calcium-activated K^+^ (BK) channels ([@bib90]; [@bib106]), cyclic-nucleotide activated channels (CNG) ([@bib16]; [@bib14]) and two-pore domain K^+^ (K2P) channels ([@bib4]; [@bib66]). Alternatively, the filter could restrict permeation through TRP channels during inactivation ([@bib86]), as is the case in voltage-gated K^+^ ([@bib80]; [@bib29]), Ca^2+^ ([@bib1]) and possibly Na^+^ ([@bib59]; [@bib94]; [@bib12]) channels. In fact, some K^+^ channels can be robustly opened by drugs that target the selectivity filter, regardless of whether it controls activation or inactivation ([@bib72]).

Here we investigate the accessibility of pore-lining residues in TRPV1 channels to determine whether the selectivity filter is indeed an activation gate. We establish that the filter adopts ion-conducting conformations in the absence of agonists, revealing that it does not act as a gate and underscoring the importance of the S6 helices for channel gating. We obtain similar results with TRPV2 and TRPV3 channels, which share activation properties with TRPV1 but have distinct pharmacology ([@bib97]; [@bib99]; [@bib103]). Because of the known importance of the selectivity filter region for channel activation, and the conformational changes observed in that region for structures of TRPV channels solved under different conditions, we propose that, rather than acting as a gate, the filter functions as an actuator to couple structural rearrangements in the external pore to those in the cytosolic S6 gate.

Results {#s2}
=======

Ag^+^ blocks TRPV1 channels in a state-dependent manner {#s2-1}
-------------------------------------------------------

If the selectivity filter of TRPV1 functions as an activation gate, pore-lining residues below the filter will only be accessible to external cations (Na^+^ in our recording conditions) when the channel is open. We chose to probe the accessibility of pore-lining residues using Ag^+^ ions, which have a similar radius to Na^+^ and Ca^2+^ ions (\~1 Å) and should therefore permeate the TRPV1 pore. Unlike Na^+^, however, Ag^+^ ions form nearly irreversible complexes with cysteine residues and could obstruct the flow of current if the complex forms in the pore lumen ([@bib17]). To accurately probe Ag^+^-complex formation in the lumen of the pore, it is necessary to substitute a pore-facing residue with a cysteine in a background channel that lacks additional sites that could coordinate Ag^+^ ions. We therefore began by testing a TRPV1 construct without native cysteines (Cys-less TRPV1) ([@bib69]; [@bib70]) and found that a low concentration of free Ag^+^ (50 nM) reversibly inhibited whole-cell currents activated by two different TRPV1 ligands: 2-aminoethyldiphenyl borinate (2-APB) and capsaicin ([Figure 2A](#fig2){ref-type="fig"}). This suggests that Ag^+^ either binds to a site on the external face of the channel to allosterically inhibit activation or binds within the pore to directly block permeation of Na^+^. To distinguish between these two possibilities we measured the effect of transmembrane voltage, which is predicted to more strongly influence pore-block than allosteric inhibition because the electric field drops sharply across the pore ([@bib37]; [@bib15]). We measured the concentration-dependence of Ag^+^ inhibition of Cys-less TRPV1 channels in the presence of a saturating concentration of capsaicin (10 μM) at several voltages ([Figure 2B--C and E](#fig2){ref-type="fig"}). The apparent affinity for Ag^+^ decreased steeply with depolarization to positive membrane potentials ([Figure 2F](#fig2){ref-type="fig"}). The slope of this relationship (Zδ=−0.89) is equivalent to the transfer of a monovalent cation across 89% of the transmembrane electric field ([@bib92]), strongly suggesting that Ag^+^ ions block TRPV1 channels by binding within the pore, instead of allosterically inhibiting channel activation from outside the cation conduction pathway.

![Ag^+^ blocks TRPV1 channels in a state-dependent manner.\
(**A**) Representative whole-cell current-trace at −60 mV exposed to 2-APB (yellow line), capsaicin (black line) and external Ag^+^-ions (blue line). The red dotted line denotes the zero-current level. (**B**) Representative Cys-less rTRPV1 currents elicited by voltage steps from -- 90 to + 90 mV (blue lines in the voltage protocol below) selected from the current families in (**C**), and obtained in the absence of agonist (gray trace), or with 10 µM capsaicin in the absence (black trace, I~0~) or presence of external Ag^+^ (blue traces). (**C, D**) Representative Cys-less rTRPV1 current traces elicited by voltage-steps as indicated in the protocol in (B, lower panel), activated with 10 µM (**C**) or 50 nM (**D**) capsaicin. Traces elicited at odd-voltage values are not depicted. (**E**) Dose-response relations for block by external Ag^+^ at negative (red) or positive (blue, color intensity increases with depolarization) voltages, obtained from Cys-less rTRPV1 channels activated by 10 µM capsaicin from traces as in (**C**). Continuous curves are fits to the Hill equation. Data are shown as mean ± SEM (n = 5--10). (**F**) Apparent dissociation constants for Ag^+^ as a function of voltage, obtained from fits of the Hill equation to each of the curves in (**E**) and (**G**). The red lines are fits of K~D,app~(V) = K~D,app~(0 mV) x exp(-Zδ x VF/RT), with a K~D,app~(0 mV) of 5.2 nM (10 µM capsaicin) or 70 pM (50 nM capsaicin). (**G**) Dose-response curves for Ag^+^-block of currents activated by 50 nM capsaicin, obtained from current families as in (**D**) (mean ± SEM, n = 3--13). (**H**) Conductance-voltage (G--V) relations (black symbols) obtained from data as in (**C**) and normalized to 10 µM capsaicin at +100 mV. The ratio at each voltage between control-subtracted currents activated by 50 nM and 10 µM capsaicin is shown in blue. Data is shown as mean ± SEM (n = 5).](elife-51212-fig2){#fig2}

The high affinity of the blocking site for Ag^+^ suggests it is located at the selectivity filter, where cations interact more intimately with the pore. If the filter is an activation gate, it would necessarily change conformation between open and closed states, possibly disrupting the blocking site for Ag^+^ as channels close. This would result in a decrease in the apparent affinity for Ag^+^ at lower agonist concentrations where channels are less active. In contrast, we observed a \> 10 fold *increase* in the apparent affinity for Ag^+^ ([Figure 2D,F and G](#fig2){ref-type="fig"}) when we measured the concentration-response relation for Ag^+^ using a lower capsaicin concentration (50 nM) where the open probability of the channels was \~10 fold lower, as measured from conductance-voltage relations at the two capsaicin concentrations ([Figure 2H](#fig2){ref-type="fig"}). The prominent state-dependence of the apparent affinity of TRPV1 for Ag^+^ ions, which are likely to interact with the filter based on the high affinity and voltage-dependence associated with block, strongly suggest that the filter undergoes a conformational change when channels activate. Although our findings indicate that Ag^+^ ions bind more tightly to closed than to open channels at equilibrium, they provide no information about how gating influences Ag^+^ accessibility. Interactions between Ag^+^, Na^+^, voltage, and distinct conformational states of the pore favored by capsaicin or voltage likely influence blocker affinity in complex ways. This might explain why we could not find a simple model for block that could explain the influence of voltage on blocker affinity under all our experimental conditions, particularly at negative membrane potentials where blocker affinity appears to no longer be sensitive to voltage ([Figure 2F](#fig2){ref-type="fig"}).

The selectivity filter of TRPV1 does not gate access to Ag^+^ {#s2-2}
-------------------------------------------------------------

Encouraged by our observations that Ag^+^ binds to both open and closed states of the pore, we set out to directly probe the state-dependence of Ag^+^ accessibility across the selectivity filter of TRPV1. We introduced cysteine residues below the filter and measured how channel activation changes their accessibility to external Ag^+^. Unlike the fully reversible block of Cys-less rTRPV1 by Ag^+^, channels with inserted cysteines facing the pore are expected to be irreversibly inhibited by Ag^+^. The fraction of Ag^+^-dependent irreversible current inhibition provides a readout of the accessibility of the cation to the precise site where the cysteine residues have been introduced, if no other modifiable cysteines are present. We therefore used as background a Cys-less construct with a turret deletion (Δturret; residues 604--626) that boosts channel expression and lowers open probability (P~o~) in the absence of agonists ([@bib36]; [@bib22]; [@bib18]). As we observed previously with Cys-less TRPV1 channels, Ag^+^ reversibly inhibited Cys-less Δturret channels ([Figure 3---figure supplement 1A](#fig3s1){ref-type="fig"}); repeated stimulation of Cys-less Δturret channels with 2-APB resulted in a slow, progressive decrease in current (i.e. rundown), but the rundown measured from six initial rounds of stimulation with 2-APB without Ag^+^ appeared unaffected by subsequent exposures to Ag^+^ ([Figure 3C](#fig3){ref-type="fig"}, gray symbols), indicating that Ag^+^ has no irreversible effects on our Cys-less Δturret background construct. In these experiments we used 2-APB instead of capsaicin as an agonist because it dissociates much faster from the channel when it is removed from the solution, which facilitates performing experiments where Ag^+^ is applied in the absence of activators to probe Ag^+^ accessibility through the filter in the closed state of the channel. Importantly, we verified that 2-APB does not directly interact with Ag^+^ ions by showing that the presence of 2-APB does not alter the rate of modification by Ag^+^ of a pore-facing cysteine in a P2X2 receptor construct ([Figure 3---figure supplement 2B C](#fig3s2){ref-type="fig"}) that was characterized previously ([@bib43]).

![The selectivity filter of TRPV1 does not gate access to Ag^+^.\
(**A**) Current traces of Cys- less Δturret rTRPV1 + I679C channels from a representative Ag^+^-modification experiment in the open state at -- 60 mV. The first six traces on the left panel were obtained without exposure to Ag^+^, followed by an exposure of 1 s duration per trace shown on the right panel. Only the first six traces with Ag^+^-exposure are shown. The grayscale-intensity of each trace decreases with repetition number, with the first trace in black. The dotted blue lines denote the zero-current level. (**B**) Representative current traces from a Ag^+^-modification experiment in the closed state at -- 60 mV, including the first six traces without exposure to Ag^+^ on the left panel, and the first six traces with an exposure to Ag^+^ of 2 s duration per trace on the right panel. (**C**) Mean Cys-less Δturret rTRPV1 + I679C time-courses for Ag^+^-modification at −60 mV in the open (yellow) or closed (gray) states from experiments as in (**A**) and (**B**), respectively, and plotted as a function of total experiment time. To only quantify the irreversible component of Ag^+^-inhibition, we plotted the steady-state currents in 2-APB before Ag^+^-application for each trace (yellow arrow in panel (**A**), right). t = 0 was set at the first sweep with Ag^+^-exposure (blue arrow) (mean ± SEM, n = 5), and was used to normalize each of the curves in the figure. The six data points before t = 0 correspond to the current values from the first recorded traces without exposure to Ag^+^ (see left panels in \[**A**\] and \[**B**\] and [Figure 3---figure supplement 1A](#fig3s1){ref-type="fig"}), and reflect rundown caused by the repeated activation and de-activation of channels. The open gray symbols are data from experiments as in (**A**) for Cys-less Δturret rTRPV1 exposed to Ag^+^ after t = 0 for 2 (triangles, n = 3) or 4 s (circles, n = 4) in the open state (see [Figure 3---figure supplement 1A](#fig3s1){ref-type="fig"}). (**D**) Mean time-courses of Ag^+^-modification in the open (yellow, 2-APB; black, capsaicin -- see [Figure 3---figure supplement 1B](#fig3s1){ref-type="fig"}) and closed (gray) states at −60 mV obtained by plotting the data in (**C**) after t = 0 as a function of cumulative time in Ag^+^. Solid lines are fits to mono-exponential functions of time with parameters in (**J**). (**E**) Rates of modification in the open (yellow) and closed (gray) states obtained as in (**A**) and (**B**) at −60 mV and at different concentrations of free Ag^+^ (0.45 nM, 2.3 nM and 50 nM). The black curves are fits to a line with a slope of 2.94 × 10^7^ M^-1^ s^-1^(open state) or 1.16 × 10^7^ M^-1^ s^-1^ (closed state). The colored squares are the mean ± SEM (n = 5), and the open circles are data from individual experiments. Representative traces for modification experiments at the two lower Ag^+^ concentrations, as well as their corresponding time-courses of modification, are shown in [Figure 3---figure supplement 4](#fig3s4){ref-type="fig"}. The blue symbols in the upper panel are the ratios between the rates of modification in the open and closed states for each Ag^+^-concentration, with a fit to a line shown in black. (**F**) Rates of Cys-less Δturret rTRPV1 + I679C modification by Ag^+^ in the open (yellow) or closed (gray) states obtained from fits to data as in (**D**) at different voltages (see [Figure 3---figure supplement 1C--F](#fig3s1){ref-type="fig"}). The mean ± SEM are shown as squares (n = 5), and the rates from individual cells as open symbols. The black lines are fits to k(V)=k(0 mV) x exp(-zδ x VF/RT), with k(0)~open~ = 5.8 x 10^6^ M^−1^s^−1^; k(0)~closed~ = 1.7 x 10^6^ M^−1^s^−1^. (**G**) Mean time-courses of rTRPV1 C157A + I679C Ag^+^-modification in the open (yellow) or closed (gray) states at −60 mV (see [Figure 3---figure supplement 1G,H](#fig3s1){ref-type="fig"} for representative traces and the time-courses including the initial data points without exposure to Ag^+^) (mean ± SEM, n = 5). (**H**) Mean time-courses of Cys-less Δturret rTRPV1 + I642C Ag^+^-modification in the open (yellow) or closed (gray) states at −60 mV (see [Figure 3---figure supplement 1I,J](#fig3s1){ref-type="fig"} for representative traces and the time-courses including the initial data points without exposure to Ag^+^) (mean ± SEM, n = 5). (**I**) Rates of Cys-less Δturret rTRPV1 + I642C modification by Ag^+^ in the open (yellow) and closed (gray) states obtained from fits to data as in (**H**) at different voltages (see [Figure 3---figure supplement 1I--K](#fig3s1){ref-type="fig"}). The mean ± SEM are shown as squares (n = 5), and the rates from individual cells as open symbols. Fits as in (**F**) are shown for data from I679C (dotted curves) or I642C (black curves): k(0)~open~ = 1.5 x 10^7^ M^−1^s^−1^; k(0)~closed~ = 3.2 x 10^6^ M^−1^s^−1^. (**J**) Mean modification rates at −60 mV (bars, mean ± SEM, n = 5). Rates from individual experiments are shown as open circles. The asterisks denote statistical significance as estimated from a heteroscedastic two-tailed t-test, with \* for p\<0.05 and \*\* for p\<0.01. (**K**) Ratios between the current magnitude in the presence and absence of 2-APB (I~2APB~/I~ctrl~, see yellow and gray arrows in (**A**); data pooled from all modification experiments in the open and closed states at −60 mV), or between the rate of modification in the open and closed states at −60 mV.](elife-51212-fig3){#fig3}

We first tested a cysteine introduced at I679; a position on the S6 helix that lies below the filter and facing the pore lumen ([Figure 1](#fig1){ref-type="fig"}). Cys-less Δturret + I679C channels had altered rectification ([Figure 3---figure supplement 3A--D](#fig3s3){ref-type="fig"}), but otherwise exhibited no drastic alterations in their responses to capsaicin or 2-APB ([Figure 3---figure supplement 2D--J](#fig3s2){ref-type="fig"}). In each accessibility experiment we repeatedly activated channels with a concentration of 2-APB that elicits near maximal P~o~ ([Figure 3---figure supplement 2D F](#fig3s2){ref-type="fig"}). After six initial stimulations in the absence of Ag^+^ to assess rundown ([Figure 3A](#fig3){ref-type="fig"}, left), cells were briefly exposed to extracellular Ag^+^ during 2-APB application to assess accessibility of Ag^+^ in the open state ([Figure 3A](#fig3){ref-type="fig"}, right). Exposure to Ag^+^ rapidly inhibited all TRPV1-mediated current, as we observed previously in the background construct lacking pore-facing cysteines (Cys-less Δturret, [Figure 3---figure supplement 1A](#fig3s1){ref-type="fig"}), but in this case only a small fraction recovered upon removal of Ag^+^ ([Figure 3A](#fig3){ref-type="fig"}, right). The irreversible inhibition by Ag^+^ indicates that, when channels are open, external Ag^+^ can traverse the filter and bind tightly to I679C, permanently obstructing Na^+^ currents. We also found that the extent of rundown measured from the initial stimulations with 2-APB in the absence of Ag^+^ was negligible compared with the rapid, irreversible modification of I679C by Ag^+^, as observed in time-courses obtained by plotting the steady-state current in 2-APB before (t \< 0) and after (t ≥ 0) cells were exposed to Ag^+^ during each stimulation with agonist ([Figure 3C](#fig3){ref-type="fig"}). If the selectivity filter functions as an activation gate, and assuming that the cumulative time-course of irreversible current inhibition ([Figure 3D](#fig3){ref-type="fig"}) reflects the rate with which external Ag^+^ accesses I679C, then the rates of irreversible current inhibition by Ag^+^ should depend on the open probability of the channels. By measuring the ratio of the current magnitude with and without agonist we estimated that the fold-change in P~o~ resulting from channel activation by 2-APB is well above 100-fold ([Figure 3K](#fig3){ref-type="fig"}, light blue). If the selectivity filter is an activation gate, extracellular Ag^+^ would not reach I679C in a closed channel. Therefore, if Ag^+^ is applied extracellularly in the absence of 2-APB, the rate of cysteine modification should be \>100 fold slower than in the presence of 2-APB. We performed these experiments ([Figure 3B](#fig3){ref-type="fig"}) and found that the time courses ([Figure 3C--D](#fig3){ref-type="fig"}) and corresponding rates of cysteine modification ([Figure 3J](#fig3){ref-type="fig"}) were very similar when Ag^+^ was applied with or without 2-APB or capsaicin (\<3 fold difference, [Figure 3K](#fig3){ref-type="fig"}, light blue). These results reveal that external Ag^+^ has similar accessibility to I679C in both the open and closed states, strongly suggesting that the filter is not an activation gate.

As mentioned above, our interpretation of the Ag^+^-modification experiments depends on the assumption that the rate of irreversible Ag^+^-coordination is fast and therefore rate-limited by the accessibility of Ag^+^ through the filter rather than by the modification reaction itself. In contrast, if accessibility through the filter were several orders of magnitude faster than the modification reaction, it would be possible to obtain state-independent cysteine-modification rates even if the filter functions as an activation gate. Arguing against this possibility, the rate of irreversible inhibition by Ag^+^ in the open state that we measured (3.27 ± 0.57×10^7^ M^−1^s^−1^) is near the limit of diffusion, and falls within the same range as open-state modification rates by Ag^+^ measured in other cation channels ([@bib17]; [@bib19]; [@bib14]; [@bib43]). To further investigate whether the time-courses of cysteine modification by Ag^+^ can reliably report on the state-dependence of Ag^+^-accessibility through the filter, we performed Ag^+^-modification experiments in the closed and open states using Cys-less Δturret + I679C channels and two considerably lower Ag^+^-concentrations to effectively reduce the rate at which Ag^+^ ions access the filter ([Figure 3---figure supplement 4A--D](#fig3s4){ref-type="fig"}). The rates of modification in the open state became measurably slower at the lower Ag^+^-concentrations ([Figure 3E](#fig3){ref-type="fig"}, bottom panel, yellow), indicating that accessibility does indeed limit the rates of modification that we measure in our experiments. More importantly, the rates of modification in the closed state showed the same trend ([Figure 3E](#fig3){ref-type="fig"}, bottom panel, gray), resulting in a state-dependent ratio of open to closed-state modification that remained virtually constant over the entire range of Ag^+^-concentrations ([Figure 3E](#fig3){ref-type="fig"}, top panel). These results demonstrate that our rates of modification closely report on Ag^+^-accessibility, and that the lack of state-dependence that we observe demonstrates that the filter of TRPV1 does not function as an activation gate.

The rate of access of extracellular Ag^+^ through the filter should also depend strongly on voltage. In order to determine whether membrane potential influences cysteine modification by Ag^+^ ions, we carried out a series of experiments in which Ag^+^ was applied with or without 2-APB at different membrane potentials ([Figure 3---figure supplement 1C--F](#fig3s1){ref-type="fig"}). The data reveal that negative membrane potentials have a strong positive influence on the rate of I679C modification by Ag^+^ for both open and closed states ([Figure 3F](#fig3){ref-type="fig"}). This provides further evidence that Ag^+^ reaches I679C in both the open and closed states of the channel by permeating through a large fraction of the transmembrane electric field ([@bib82]; [@bib15]). To verify that our data aren't specific to the background construct or the location of the inserted cysteine, we performed experiments using either a full-length construct with all but one native cysteine known to influence gating upon reaction with intracellular cysteine-modifying agents (C157A + I679C) ([@bib69]; [@bib70]) ([Figure 3G](#fig3){ref-type="fig"} and [Figure 3---figure supplement 1G--H](#fig3s1){ref-type="fig"}) or a Cys-less Δturret construct with a cysteine introduced immediately below the filter at I642 ([Figure 1](#fig1){ref-type="fig"}, [Figure 3H](#fig3){ref-type="fig"}, and [Figure 3---figure supplement 1I--K](#fig3s1){ref-type="fig"}). In both cases we found that the rate of modification by Ag^+^ was \<10 fold slower in the absence than in the presence of 2-APB, whereas P~o~ changed by \>100 fold upon stimulation with 2-APB ([Figure 3J and K](#fig3){ref-type="fig"}). Importantly, Cys-less Δturret channels with the I642C mutation had normal rectification ([Figure 3---figure supplement 3E--F](#fig3s3){ref-type="fig"}), unlike those with the I679C mutation. However, in contrast with our data using I679C, the rates of modification for I642C were not influenced by voltage ([Figure 3I](#fig3){ref-type="fig"}). This suggests that the rate-limiting step in the time-course of modification is not the voltage-dependent access through the filter. However, the rates of modification for this position are \<3 fold slower than those for I679C, so we think it is unlikely that the difference between the rates of access and of cysteine-modification in this construct is large enough to obscure any state-dependent control of accessibility through the filter. Finally, we found no consistent correlation between the rates of modification and the estimated change in P~o~ by 2-APB in any of our closed state Ag^+^-accessibility experiments ([Figure 3---figure supplement 5](#fig3s5){ref-type="fig"}), lending further support to the conclusion that the selectivity filter of the TRPV1 channel is not an activation gate.

TRPV2 and TRPV3 do not gate access via the filter {#s2-3}
-------------------------------------------------

Multiple stimuli, including cations ([@bib85]; [@bib9]; [@bib36]) and toxins from venomous animals ([@bib5]; [@bib8]; [@bib96]), influence gating of TRPV1 by targeting the external pore. In contrast, no such modulators are known for its two close homologues, TRPV2 and TRPV3 ([@bib81]; [@bib68]; [@bib20]). As discussed above for TRPV1, the selectivity filter of TRPV2 adopts non-conducting conformations in some of the available structures ([Figure 1---figure supplement 1A](#fig1s1){ref-type="fig"}) ([@bib107]; [@bib109]; [@bib18]; [@bib111]) and the filter has been suggested to function as a gate. In contrast, the selectivity filter of TRPV3 is more solvent accessible in the absence of activators compared to TRPV1 and TRPV2 and has not been observed to undergo substantial structural changes in the presence of activators ([@bib77]; [@bib108]; [@bib110]). We therefore thought it would be interesting to additionally examine the accessibility of external Ag^+^ across the selectivity filters of TRPV2 and TRPV3 channels.

For our experiments with the TRPV2 channel, we used a rat TRPV2 construct (TRPV2-QM) containing four mutations at the S1-S4 domain (F472S, L507M, L510T, Q530E) that render it sensitive to the TRPV1-specific agonist resiniferatoxin (RTx), without otherwise altering its biophysical properties ([@bib97]; [@bib99]). Although RTx is not useful for gated-accessibility experiments because the toxin dissociates extremely slowly and would interfere with measurements of closed-state modification, several structures of this mutant have been determined ([@bib109]; [@bib111]) and it has the advantage of less pronounced rundown compared to WT TRPV2 (data not shown). Experiments using 4 mM 2-APB as an activator confirmed that TRPV2-QM was reversibly blocked by Ag^+^ in a similar way to Cys-less TRPV1 ([Figure 5---figure supplement 1A](#fig5s1){ref-type="fig"}), indicating that it constitutes a good background for our experiments because Ag^+^ has no irreversible effects on this construct even after repeated exposures to Ag^+^ ([Figure 4B and E](#fig4){ref-type="fig"}, gray triangles). To probe the state-dependence of accessibility for Ag^+^ through the filter of TRPV2-QM, we introduced a cysteine at position I642 ([Figure 1---figure supplement 1A](#fig1s1){ref-type="fig"}), which aligns with position 679 in TRPV1. To our surprise, we found that TRPV2-QM + I642C channels exhibited a pronounced rundown upon repeated stimulation with 2-APB in the absence of Ag^+^ ([Figure 4A and B](#fig4){ref-type="fig"}, empty circles). Because rundown in this construct was prominent enough to potentially obscure the effects of irreversible cysteine modification by Ag^+^, we used the mean current time-course reflecting the rate of rundown in the absence of Ag^+^ to compensate further recordings where we exposed cells to Ag^+^ (see Materials and methods). We proceeded to perform accessibility experiments for rTRPV2-QM + I642C channels in which we applied Ag^+^ either during or after 2-APB application ([Figure 4C](#fig4){ref-type="fig"}). In both cases, we found that irreversible cysteine modification by Ag^+^ was more rapid than rundown, indicating that cysteine residues at I642C efficiently coordinate Ag^+^ ([Figure 4D](#fig4){ref-type="fig"}). Importantly, the rundown-corrected time courses for irreversible cysteine modification by Ag^+^ in the open or closed states ([Figure 4E](#fig4){ref-type="fig"}), and their associated rates of cysteine modification ([Figure 4F](#fig4){ref-type="fig"}), were less than 3-fold different (although this difference was indeed statistically significant). On the other hand, 2-APB increased P~o~ by a factor \>100 in these channels ([Figure 4G](#fig4){ref-type="fig"}), indicating that the filter is not an activation gate in TRPV2 channels.

![The TRPV2 channel does not gate access via the filter.\
(**A**) Representative current traces obtained by repeatedly activating channels with 2-APB (yellow horizontal line) at −60 mV without any exposure to Ag^+^ in a cell expressing rTRPV2-QM + I642C channels. The first recorded sweep is shown in black, with the subsequent five stimulations with agonist shown in decreasing grayscale-intensity. The blue dotted line denotes the zero-current level. (**B**) The empty circles are the time course of spontaneous rTRPV2-QM + I642C channel current decay (i.e. no Ag^+^-exposure) obtained from experiments as in (**A**) (mean ± SEM, n = 10; individual experiments are shown as dotted curves), and fit with: I~fit~(t) = (1--0.045) \* exp(-t/84.57 s) + 0.045 (blue curve). The filled black symbols are the resulting mean time course for rTRPV2-QM + I642C (and no Ag^+^-exposure) after correcting each individual experiment for rundown using the exponential fit in blue (see Materials and methods). The time course for rTRPV2-QM (without any cysteine insertions) is shown in empty gray triangles (mean ± SEM, n = 9; see [Figure 5---figure supplement 1A](#fig5s1){ref-type="fig"} for representative current traces). For this construct, data at t \< 0 correspond to the steady-state current values in 2-APB from the first six sweeps recorded without exposing cells to Ag^+^, whereas data at t \> 0 correspond to subsequently recorded sweeps in which cells were exposed to Ag^+^ for 4 s per sweep in the presence of agonist. The data point at t = 0, right before the first exposure to Ag^+^ was used for normalization. (**C**) Representative rTRPV2-QM + I642C current traces stimulated with 2-APB (yellow thick lines) and exposed to Ag^+^ (blue thick lines) in the open (left panel) or closed (right panel) states at -- 60 mV. The blue dotted line denotes the zero-current level. (**D**) Mean time-courses for Ag^+^-modification in the open (yellow) or closed (gray) states (mean ± SEM, n = 5), together with the spontaneous current decrease measured from the same construct in experiments where cells are not exposed to Ag^+^ (open circles, same data as in **B**). (**E**) Mean rundown-corrected time-courses for Ag^+^-modification (see Materials and methods) in the open (yellow) and closed (gray) states as a function of cumulative time in Ag^+^. The black curves are fits to mono-exponential functions, with parameters in (**F**). Empty gray triangles represent the data for TRPV2-QM + Ag^+^ shown in (**B**) for t ≥ 0. (**F**) Mean rates of rTRPV2-QM + I642C modification in the open (yellow) and closed (gray) states obtained from mono-exponential fits to data as in (**E**). Bars are the mean ± SEM, with rates from individual experiments shown as open symbols (n = 5). The asterisks denote statistical significance as estimated from a heteroscedastic two-tailed t-test (p=0.001 \< 0.01). (**G**) Ratios between the steady-state current magnitudes in the presence and absence of 2-APB (I~2APB~ / I ~ctrl~.; pooled from all modification experiments in the closed and open states), or between the rate of modification in the open and closed states as shown in (**F**).](elife-51212-fig4){#fig4}

To investigate Ag^+^ accessibility in the TRPV3 channel, we initially tested whether Ag^+^ has any effect on WT mTRPV3 channels and surprisingly discovered that unlike TRPV1 and TRPV2, Ag^+^ is not an effective pore-blocker ([Figure 5---figure supplement 1B](#fig5s1){ref-type="fig"}). We therefore proceeded to introduce a cysteine at an equivalent site to that of I679 in TRPV1 (I674C, [Figure 1---figure supplement 1B](#fig1s1){ref-type="fig"}) using the WT mTRPV3 channel as background. As with TRPV1 and TRPV2, the time-courses of modification when Ag^+^ was applied in the presence and absence of 2-APB ([Figure 5A--B](#fig5){ref-type="fig"} and [Figure 5---figure supplement 1C](#fig5s1){ref-type="fig"}) and the associated rates ([Figure 5D](#fig5){ref-type="fig"}) were very similar. However, we found that TRPV3 + I674C-expressing cells had baseline currents in the absence of 2-APB that were sensitive to Ag^+^ ([Figure 5A](#fig5){ref-type="fig"}). When we plotted the time courses of Ag^+^-mediated decay in baseline as a function of exposure time to Ag^+^ ([Figure 5B](#fig5){ref-type="fig"}, insert), the rates were identical to the decay measured from the steady-state currents in 2-APB. This indicates that mTRPV3 + I674C channels contribute substantially to the baseline currents. Increasing the time interval between 2-APB removal and Ag^+^ application did not alter the rates of modification ([Figure 5D](#fig5){ref-type="fig"} and [Figure 5---figure supplement 1C](#fig5s1){ref-type="fig"}), indicating that the increased baseline does not arise from incomplete deactivation after 2-APB removal, but rather from a higher baseline P~o~. Regardless, the state-dependence of the rates of modification was smaller than the estimated change in P~o~ by 2-APB ([Figure 5E](#fig5){ref-type="fig"}, dark blue), indicating that the filter of mTRPV3 is not an activation gate.

![The filter does not function as an activation gate in the TRPV3 channel.\
(**A**) Current traces of mTRPV3 + I674C channels stimulated with 2-APB (yellow thick lines) from representative Ag^+^-modification experiments in the open (left panel) or closed (right panel) states at -- 60 mV. The zoomed view at the insert shows the Ag^+^-dependent decrease in baseline current at the first sweep, fit with a mono-exponential function in blue. The blue dotted line denotes the zero-current level. (**B**) Mean time-courses for Ag^+^-modification in the open (yellow) and closed (gray) states as a function of cumulative time in Ag^+^ (mean ± SEM, n = 5--9; see [Figure 5---figure supplement 1C](#fig5s1){ref-type="fig"} for the time courses that include the first six initial recordings at t \< 0 in each experiment, which were obtained without exposing cells to Ag^+^). The turquoise symbols are data for Ag^+^-modification in the closed state in the absence of external Na^+^ (mean ± SEM, n = 6; see [Figure 5---figure supplement 1D](#fig5s1){ref-type="fig"} for representative current traces, and [Figure 5---figure supplement 1C](#fig5s1){ref-type="fig"} for the full time-course with data at t \< 0). The black curves are fits to mono-exponential functions of time with associated rate-constants shown in (D, top panel). The insert shows the mean time courses for modification in the open (yellow) and closed (gray) states calculated from the baseline currents (gray and yellow arrows in A) (mean ± SEM, n = 7). (**C**) Mean time-courses for Ag^+^-modification of mTRPV3 + I637C channels in the open (filled yellow symbols) and closed (gray filled symbols) states as a function of cumulative time in Ag^+^ (mean ± SEM, n = 5). The black curves are fits to mono-exponential functions, with associated rate constants shown in (**D**) (see [Figure 5---figure supplement 1E](#fig5s1){ref-type="fig"} for representative current traces). The open symbols represent the initial six traces obtained without exposing cells to Ag^+^ ([Figure 5---figure supplement 1E](#fig5s1){ref-type="fig"}, left panel). (**D**) Modification rates for mTRPV3 channel mutants. The mean ± SEM are shown as bars (n = 5--9), with rates from individual cells shown as open circles. The asterisks denote statistical significance as estimated from a heteroscedastic two-tailed t-test, with \*\* for p\<0.01. (**E**) Ratios between the steady-state current magnitude in the presence and absence of 2-APB (I~2APB~ / I ~ctrl~., pooled from all recordings in the closed and open states), or between the rates of modification in the open and closed states shown in (**D**).](elife-51212-fig5){#fig5}

We wondered whether Na^+^-ions bound within the pore of closed channels could obstruct access to Ag^+^ and thus contribute to the small state-dependence of the rates of modification by Ag^+^, which is statistically significant despite it being weak ([Figure 5D](#fig5){ref-type="fig"}). It is not possible to manipulate Na^+^ occupancy of the pore of TRPV1 by removing the ion from the external solution because this manipulation activates the channel ([@bib36]), precluding experiments at low P~o~ and no external Na^+^. However, removing external Na^+^ does not activate TRPV3, making this TRPV channel an excellent choice for examining the extent to which Na^+^ occupancy of the pore influences the rates of Ag^+^ modification. We thus performed experiments with TRPV3 + I674C channels in which Ag^+^ ions were applied in the absence of both 2-APB and external Na^+^ ([Figure 5---figure supplement 1D](#fig5s1){ref-type="fig"}). We found that modification was detectably faster in the absence of external Na^+^ ions, but not as fast as when 2-APB was also included ([Figure 5B and D](#fig5){ref-type="fig"}). This suggests that interactions between Ag^+^ and Na^+^ ions in the pore contribute to the observed state-dependence of Ag^+^ accessibility.

Finally, we performed accessibility experiments with mTRPV3 channels with a cysteine introduced immediately below the filter at a site that aligns with position I642 in TRPV1 (I637C, [Figure 1---figure supplement 1B](#fig1s1){ref-type="fig"}). Unlike the I674C mutation, mTRPV3 + I637C channels did not exhibit baseline channel activity in the absence of 2-APB ([Figure 5---figure supplement 1E](#fig5s1){ref-type="fig"}). Nevertheless, the time courses of modification ([Figure 5C](#fig5){ref-type="fig"}) and the associated rates again showed marginal state-dependence ([Figure 5D and E](#fig5){ref-type="fig"}, purple). Together, our results indicate that the absence of a role for the selectivity filter in TRPV1 gating can be extended to TRPV2 and TRPV3 channels.

Large organic cations permeate through the filter of TRPV1 {#s2-4}
----------------------------------------------------------

The pore of TRPV1 channels has been suggested to 'dilate' upon prolonged activation, resulting in increased permeability to large organic cations ([@bib13]; [@bib54]). Structural changes in the selectivity filter are also thought to be necessary for permeation of large organic cations through TRPV2 channels ([@bib109]; [@bib111]). We therefore tested whether gating controls the access of extracellular organic cations to the pore of Cys-less rTRPV1 Δturret + I679C channels. We used two probes, MTSEA or MTSET, which modify cysteines with ethylamine or trimethyl-ethylamine adducts ([Figure 6---figure supplement 1C](#fig6s1){ref-type="fig"}), respectively. We first confirmed that our Cys-less Δturret background is not irreversibly affected by either reagent ([Figure 6---figure supplement 1A--C](#fig6s1){ref-type="fig"}). Furthermore, in these experiments we used capsaicin as an agonist because 2-APB appeared to react with the MTS reagents (data not shown). To estimate the accessibility of I679C to MTSEA in the activated state, we alternately stimulated channels with saturating concentrations of capsaicin in the absence (black traces) and presence (turquoise traces) of 2 mM MTSEA at a pH of 7.4 ([Figure 6A](#fig6){ref-type="fig"}, left). To test accessibility in the closed state, MTSEA was applied after removal of capsaicin ([Figure 6A](#fig6){ref-type="fig"}, right). Our protocol allowed us to independently assess rundown and current inhibition caused by cysteine-modification, in order to correct the time-courses for the effect of rundown (see Materials and methods). Prominent rundown-corrected MTSEA-dependent current inhibition was observed in both closed- ([Figure 6B](#fig6){ref-type="fig"}, gray symbols) and open-state experiments ([Figure 6B](#fig6){ref-type="fig"}, yellow symbols), indicating that MTSEA can gain access to I679C in both states of the channel. The time courses of modification by MTSEA ([Figure 6B](#fig6){ref-type="fig"}; gray and yellow) and the associated time constants ([Figure 6H](#fig6){ref-type="fig"}) were \~20 fold faster in the presence of capsaicin than in its absence. Yet, the change in P~o~ caused by the agonist (\>50 fold) was still larger than the decrease in the time constant of modification (τ) ([Figure 6I](#fig6){ref-type="fig"}, turquoise and white bars), suggesting that the filter does not fully gate access to MTSEA.

![Large organic cations permeate through the filter of TRPV1.\
(**A**) Current traces of Cys-less Δturret rTRPV1 + I679C channels activated by capsaicin (thick black horizontal lines) from representative MTSEA-modification experiments in the open (left panel) or closed (right panel) states at -- 60 mV. Recordings without (black traces) or with MTSEA exposure (turquoise traces) were acquired in an alternate fashion in the same experiment. The blue dotted lines denote the zero-current level. (**B**) Mean time-courses for MTSEA-modification as a function of cumulative time in MTSEA in the open (yellow) or closed states (mean ± SEM, n = 5 for 2 mM MTSEA; n = 4 for 0.1 mM MTSEA). All time-courses were corrected for rundown (see Materials and methods and [Figure 6---figure supplement 1D](#fig6s1){ref-type="fig"} for the time-courses depicting data before rundown correction and the time courses for rundown alone). The continuous curves are fits to mono-exponential functions of the form: I~norm~(t)=0.9 x exp(-t/τ) + 0.1, with associated time-constants (τ) shown in (**F**) and (**H**). (**C**) Approximate concentrations of protonated (MTSEA^+^) and de-protonated (MTSEA^0^) MTSEA as a function of pH and a pK~a~ = 8.5 ([@bib28]) from 2 mM total MTSEA. The gray and purple circles mark the estimated concentration of each species at the pH in which experiments were done (either 7.4 or \~10). (**D**) Model for MTSEA-modification of TRPV1 channels. MTSEA (blue circle) binding and unbinding is given by rate constants k~0~ x \[MTSEA\] and k~1~, respectively. The equilibrium between two distinct channel states has rate constants k~2~ and k~3~. The rate of irreversible cysteine modification by MTSEA is given by k~RX~. (**E**) Time-courses of modification by different MTSEA concentrations predicted by the model in (**D**), with parameters: k~0~ = 0.5×10^5^ M^−1^s^−1^ and k~1~ = 50 s^−1^; 'with agonist', k~2~ = 0.6 s^−1^ and k~3~ = 10 s^−1^ (yellow curve, \[MTSEA\]=2 mM); 'no agonist', k~2~ = 0.06 s^−1^ and k~3~ = 10 s^−1^ (black curves); k~RX~ = 500 s^−1^. MTSEA concentrations are shown to the right of the curves, together with the corresponding time-constant obtained from fits to a mono-exponential function of time as in (**B**). (**F**) Time-constants of modification in the closed state obtained from fits to data as in (**B**), plotted as a function of the inverse of the concentration of either of the two MTSEA species as calculated for each experimental condition (see Materials and methods) following the color-scheme in (**B**). The continuous curves are fits to a line, with the corresponding coefficient of determination (r^2^) shown at the bottom of the graph. The dashed lines are the values from the model in (**D and E**). (**G**) Mean time-courses for MTSET-modification as a function of cumulative time in MTSET in the open (yellow) or closed (gray) states at −60 mV (mean ± SEM, n = 5; see [Figure 6---figure supplement 1E](#fig6s1){ref-type="fig"} for representative current traces). Data for modification in the closed state was corrected for rundown (see Materials and methods and [Figure 6---figure supplement 1F](#fig6s1){ref-type="fig"} for the time-courses depicting data before rundown correction and the time courses for rundown alone). The continuous curves are fits to mono-exponential functions of time, with associated time constants shown in (**H**). (**H**) Time-constants (τ) for MTSEA or MTSET modification obtained from fits to data as in (**B**) or (**G**). The bars are the mean ± SEM, and the open circles are data from individual experiments (n = 5 for 2 mM MTSEA and MTSET; n = 4 for 0.1 mM MTSEA). Statistical significance between different data-sets was assessed from heteroscedastic two-tailed t-tests, with n.s. (non-significant) for p\>0.05, \* for p\<0.05 and \*\* for p\<0.01. (**I**) Ratios between time-constants of MTSEA (2 mM, pH 7.4) or MTSET modification in the closed and open states, as shown in (**H**), or between the steady-state current magnitude in capsaicin vs control conditions (i.e. no agonist) (mean ± SEM, n = 16). Blue circles are data from individual cells.](elife-51212-fig6){#fig6}

Under our experimental conditions MTSEA exists mainly in a protonated, positively charged form. Our experiments therefore suggest that even large MTSEA^+^ cations can traverse the filter when channels are closed. However, the non-protonated, neutral form of MTSEA (MTSEA^0^), which co-exists at a \~ 1:10 ratio with the positively charged species at pH 7.4 ([Figure 6C](#fig6){ref-type="fig"}, gray circles) ([@bib28]), could potentially access I679C through a non-aqueous pathway (e.g. through the membrane) without traversing the filter even though we included an excess of L-Cysteine (40 mM) in the pipette to act as MTSEA scavenger. If modification can be described as a simple bi-molecular reaction, its time constant should depend on the apparent pseudo first-order reaction rate constant (k~app~) and the molar concentration of the reactive MTSEA species (τ = 1/(k~app~ x \[MTSEA\])). To determine which species reaches I679C in the closed state, we performed experiments in which MTSEA was applied at pH 10. At this pH, the concentration of MTSEA^0^ increases by 10-fold and that of MTSEA^+^ decreases by the same amount in comparison to pH 7.4 ([Figure 6C](#fig6){ref-type="fig"}, purple circles). We predicted that this would proportionally affect the time constant of modification and result in a \~ 10 fold *increase* if MTSEA^+^ is the active species or a \~ 10 fold *decrease* if the active species is MTSEA^0^. We observed an *increase* in τ, but only by \~2 fold ([Figure 6B](#fig6){ref-type="fig"}, purple symbols, and H, purple), indicating a more complex reaction mechanism. We considered a model in which the pore is in equilibrium between two states that can bind MTSEA, but the cysteine is only accessible for modification in one state ([Figure 6D](#fig6){ref-type="fig"}). In simulated time courses of cysteine modification using this model, a decrease in the concentration of 10 mM MTSEA by 5-, 100-, 1 000- or 10 000-fold yielded increases in τ of only \~1, 3, 20- and 200-fold ([Figure 6E](#fig6){ref-type="fig"}, black curves). In contrast, a 10-fold shift in the conformational equilibrium towards the state where the cysteine is accessible decreased τ by exactly 10-fold ([Figure 6E](#fig6){ref-type="fig"}, yellow curve). To determine which MTSEA species is responsible for modification of I679C in the closed state, we collected data at pH 7.4 and \~10 using a lower concentration of MTSEA ([Figure 6B](#fig6){ref-type="fig"}, light blue and pink symbols). We then determined whether the calculated concentrations of either MTSEA^+^ or MTSEA^0^ in each of our four experimental conditions could account for the experimentally measured time constants of modification in the closed state. The trend in the experiments ([Figure 6B](#fig6){ref-type="fig"}; τ~pink~ \> τ~blue~ \> τ~purple~ \> τ~gray~) correlates with the concentration of MTSEA^+^ and not MTSEA^0^ ([Figure 6F](#fig6){ref-type="fig"}, solid lines) and can also be well described by our model using concentrations for MTSEA that closely match those of MTSEA^+^ in each of the experiments ([Figure 6F](#fig6){ref-type="fig"}, dotted curve). We thus conclude that MTSEA^+^ can gain access through the filter when the channel is closed.

Finally, in accessibility experiments with the larger and positively charged MTSET ([Figure 6---figure supplement 1E](#fig6s1){ref-type="fig"}), we found slow accessibility in the open state and undetectable accessibility in the closed state that was indistinguishable from rundown ([Figure 6G](#fig6){ref-type="fig"} and [Figure 6---figure supplement 1F](#fig6s1){ref-type="fig"}). In addition, the ratio between the time constants of cysteine modification by MTSET in the closed vs the open state ([Figure 6H](#fig6){ref-type="fig"}) was for the first time noticeably larger than the fold-change in P~o~ caused by capsaicin ([Figure 6I](#fig6){ref-type="fig"}, light blue and white bars). This indicates that the state dependence of accessibility across the selectivity filter to I679C increases with the size of permeant cations.

Discussion {#s3}
==========

The biological functions of ion channels depend on their capacity to enable rapid conduction of ions across biological membranes in response to specific signals. Ion channels that share a transmembrane fold with TRP channels ([@bib98]) appear to respond to their respective stimuli by opening an S6 helix gate at the cytosolic side of the pore ([@bib47]; [@bib17]; [@bib75]; [@bib67]; [@bib93]; [@bib57]; [@bib58]) or a selectivity filter gate at the extracellular side of the pore ([@bib16]; [@bib90]; [@bib14]; [@bib4]; [@bib66]; [@bib106]). TRP channels are less well characterized, but structural comparisons of different TRP channels in the presence and absence of activators have revealed constrictions in regions of the S6 helices and the selectivity filter that would prevent cation permeation ([Figure 1](#fig1){ref-type="fig"} and [Figure 1---figure supplements 1](#fig1s1){ref-type="fig"} and [2](#fig1s2){ref-type="fig"}). This has led to the hypothesis that TRP channels contain two activation gates -- one at the filter and another at the cytosolic side -- that must open in response to stimulation for ionic currents to flow. Here we establish that the selectivity filter of TRPV1, TRPV2 and TRPV3 channels permits access of Ag^+^ to sites deep within the pore in the absence of stimulation, indicating that it does not function as an activation gate. Moreover, because an organic cation as large as MTSEA^+^ can traverse the filter when TRPV1 channels are closed, the filter is unlikely to gate access to the physiological cations Na^+^ and Ca^2+^. Indeed, access of external Ag^+^ to cysteines on S6 likely involves displacement of Na^+^ ions within pore, which would require Na^+^ to exit the pore to the external side when the cytosolic gate is closed.

Our findings necessarily imply that TRPV1, TRPV2 and TRPV3 channels are gated by the S6 helices on the cytosolic side of the pore. This inference has strong support from cryo-electron microscopy and X-ray crystallography experiments with nanodiscs, amphipols and detergents ([@bib8]; [@bib46]; [@bib21]; [@bib34]; [@bib107]; [@bib77]; [@bib108]; [@bib109]; [@bib18]; [@bib110]; [@bib111]). In addition, the majority of available TRP channel structures, which represent each of the TRP subfamilies, reveal constrictions at relatively conserved positions formed near the cytosolic ends of the S6 helices ([Figure 1](#fig1){ref-type="fig"} and [Figure 1---figure supplements 1](#fig1s1){ref-type="fig"} and [2](#fig1s2){ref-type="fig"}). This strongly suggests that the S6 helices function as the activation gate in all members of the TRP channel family. Consistently, the cytosolic constrictions formed by the S6 helices are wider in some structures obtained in the presence of activators. The presence of a cytosolic gate in the TRPV1 channel has additional experimental support from studies that explored the state-dependence of block by intracellular quaternary ammoniums ([@bib60]; [@bib35]), as well as the state-dependence of accessibility to the pore for intracellular cysteine-reactive probes ([@bib70]). This latter study scanned the S6 helix of TRPV1 for accessibility to cytosolic Ag^+^ and identified Y671 as the inner-most site in S6 that exhibits state-dependent modification ([@bib70]). Y671 is located above I679 -- the site of the tightest constriction that was uncovered in the first closed state structures of TRPV1 ([@bib8]; [@bib46]; [@bib21]). Molecular dynamics simulations reveal the potential presence of an aqueous pathway between the S1-S4 and pore domain in TRPV1 through which Ag^+^ ions could reach S6 cysteines located beyond the I679 gate ([@bib39]), providing a possible explanation for this discrepancy. Additional experimental support exists for the presence of an activation gate formed by the S6 helices in other TRPV, TRPC, TRPM and TRPP channels ([@bib104]; [@bib105]). Interestingly, the sites of cytosolic constriction in most TRP channels are different to TRPV1, including those of TRPV2 ([Figure 1---figure supplement 1A](#fig1s1){ref-type="fig"}) ([@bib34]; [@bib107]; [@bib109]; [@bib18]) and TRPV3 ([Figure 1---figure supplement 1B](#fig1s1){ref-type="fig"}) ([@bib77]; [@bib108]; [@bib110]). Indeed, some TRP channels have up to two constrictions ([Figure 1---figure supplement 2](#fig1s2){ref-type="fig"}). The significance of these differences requires further investigation, but may originate from distinct helical breaks in S6 due to the disruption of backbone hydrogen bonds in so-called π-bulges ([@bib62]; [@bib107]; [@bib39]; [@bib50]).

At present it is unclear whether the selectivity filter could function as an activation gate in other TRP channels. So far, structures of TRP channels where the selectivity filter can be observed in a non-conducting conformation have only been obtained for TRPV1 ([@bib46]; [@bib21]), TRPV2 ([@bib109]; [@bib18]; [@bib111]) and TRPP channels ([@bib74]; [@bib26]; [@bib91]; [@bib84]) ([Figure 1---figure supplement 2](#fig1s2){ref-type="fig"}). The selectivity filters of TRPML channels are narrow ([Figure 1---figure supplement 2](#fig1s2){ref-type="fig"}) but are thought to be more rigid than other members of the family owing to the extensive networks of interactions that hold them in place ([@bib27]; [@bib73]), suggesting little conformational flexibility and potentially precluding a role as activation gates. However, it is possible that subtle changes in conformation or dynamics could be sufficient to prevent cation permeation, as has been suggested for the inactivation gate in voltage-gated K^+^-channels ([@bib64]).

The agonist-induced structural differences in the filters of TRPV1 ([@bib8]; [@bib21]) and TRPV2 ([@bib109]; [@bib111]) channel structures suggest that the external pore and the selectivity filter undergo activation-dependent conformational changes, in which 'wider' filter openings correspond to activated states. Moreover, mutations proposed to disrupt agonist-induced conformational changes in the filter of TRPV2 impair permeation of large organic cations without noticeably affecting Na^+^ currents ([@bib109]). The modulation of the single-channel current amplitude of the TRPV1 channel by extracellular protons ([@bib48]; [@bib42]) and other cations ([@bib9]), and the large state-dependence for block by Ag^+^ that we detected in this study provide further support that the selectivity filter is a dynamic structure that can adopt multiple ligand-dependent conformations. Although the increased state-dependence in accessibility that we observe for MTSEA and MTSET relative to Ag^+^ could originate from local state-dependent conformational changes in the S6 helices that alter reactivity of the introduced cysteines to these larger probes, they could also reflect activation-dependent conformational changes in the selectivity filter that result in increased accessibility of these large organic cations to sites deep within the pore. We therefore propose that the external pore and selectivity filter of TRPV1 are in a dynamic equilibrium between distinct conformations, and that channel activation favors those that enable more rapid permeation of large cations. Contrary to the 'pore-dilation' hypothesis ([@bib13]; [@bib54]), however, our data don't support the idea that permeability to large cations continues to increase once activation reaches equilibrium (within a few seconds). We observed no consistent evidence for slow increases in capsaicin- or 2-APB-elicited currents after channels had reached equilibrium. Moreover, even though different agonists result in distinct single-channel current amplitudes for TRPV1, the values remain stable during long recording periods ([@bib33]; [@bib7]; [@bib22]). Also, the permeability of Ca^2+^ relative to Na^+^ in TRPV1 has been shown to remain stable during long agonist applications ([@bib71]). P2X receptors are also permeable to organic cations, and observations originally interpreted as dilation of the pore were subsequently shown to result from accumulation or depletion of ions inside the cell ([@bib44]).

Our findings demonstrate that the stimulus-dependent conformational changes in the external pore and selectivity filter of TRPV1, if they occur under physiological conditions, do not function to limit the access of ions to the pore. To reconcile our findings with the structural and experimental observations of activation-dependent conformational changes in the selectivity filter and external pore region we propose that the selectivity filter functions as an actuator after adopting its active conformation to stabilize the cytosolic gate in an open conformation ([Figure 7](#fig7){ref-type="fig"}). This could constitute the mechanism by which the multiple stimuli that target the external pore of the TRPV1 channel promote opening of the cytosolic gate. These diverse stimuli include H^+^ ([@bib38]) and other cations ([@bib9]; [@bib36]), pain-producing toxins from poisonous animals ([@bib5]; [@bib8]; [@bib96]; [@bib3]; [@bib21]), and possibly heat ([@bib25]; [@bib96]; [@bib36]; [@bib100]). Importantly, the mutual coupling between the cytosolic gate and the external pore and filter, and the principle of microscopic reversibility, would ensure that agonists like capsaicin and resiniferatoxin, which appear to induce opening of the cytosolic gate in TRPV1, TRPV2 and TRPV3 channels by acting on the S4-S5 linker helix ([@bib8]; [@bib95]; [@bib21]; [@bib109]; [@bib103]; [@bib111]), also result in the stabilization of the selectivity filter region in its active conformation. The molecular mechanism of this coupling is not known, but in TRPV1 it has been suggested to involve interactions between T641 in the pore helix and Y671 in the S6 helix ([@bib83]; [@bib39]). A similar function has been suggested for the equivalent residues in TRPV2 ([@bib109]; [@bib111]). If the filter has a similar function in the TRPV2 or TRPV3 channels, what is its physiological significance? Unlike TRPV1, there are currently no known activators that act on the extracellular side of these channels, although they may yet be discovered. However, the external pore of TRPV1 has been implicated in temperature-sensing ([@bib24]; [@bib3]; [@bib100]), thus structural rearrangements in the selectivity filter region of TRPV2 and TRPV3 may allow this region to function as an actuator for heat activation.

![The external pore region could function as an actuator for TRP channel activation.\
In the absence of activating stimuli, the gating equilibrium of the TRPV1 channel is shifted towards the closed state; in most channels from a large ensemble, the S6 helix gate prevents permeation, whereas the selectivity filter (S.F.) is in a dynamic equilibrium between different conformations (gray/white shading) that still enable access of extracellular metal cations into the inner cavity. Upon stimulation, the conformational equilibrium of the outer pore shifts to favor a distinct set of conformations (orange/white shading) that may have a wider opening of the filter that facilitates access of large extracellular organic cations. We propose that this conformational shift within the selectivity filter and the external pore of the channel that occurs upon stimulation also contributes to stabilizing the open state of the S6 gate, effectively serving as an actuator for stimuli that interact with the extracellular surface of the channel.](elife-51212-fig7){#fig7}

Materials and methods {#s4}
=====================

Cell culture {#s4-1}
------------

Human embryonic kidney cells (HEK293) were purchased from ATCC (CRL-1573), kept at 37°C in an atmosphere with 5% CO~2~ and grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (vol/vol) and 10 mg/mL gentamicin. For transfection, cells were detached with trypsin, re-suspended in DMEM and seeded onto glass coverslips in 3 mL dishes at 10--40% confluency. Transfections were performed on the same day using FuGENE6 Transfection Reagent (Roche Applied Science). TRP channel constructs were co-transfected with pGreen-Lantern (Invitrogen) at a ratio of 2:1 to visualize successfully transfected cells. Electrophysiological recordings were done 24--48 hr after transfection. Cells transfected with WT mTRPV3 or WT rTRPV1 were grown at 30°C to reduce expression levels.

Molecular biology {#s4-2}
-----------------

The WT rat TRPV1 ([@bib10]), TRPV2 ([@bib11]) and P2X2 ([@bib6]) channels were provided by Dr. David Julius (UCSF), and mouse TRPV3 ([@bib65]) was provided by Dr. Feng Qin (SUNY Buffalo). The cysteine-less rat TRPV1 channel ([@bib69]) was provided by Dr. Tamara Rosenbaum (UNAM). This construct has all 18 native cysteine residues substituted by other amino acids: C21S, C31L, C63L, C73S, C126A, C157A, C257A, C362L, C386S, C390S, C442L, C578L, C616A, C621A, C634A, C715F, C741S and C766N. All constructs were cloned into modified pcDNA3.1(+) and pcDNA1 for high and low levels of expression, respectively. All mutations or deletions were introduced using the two-step PCR method, and verified by Sanger sequencing to check for PCR errors. We used a rat TRPV2 construct (TRPV2-QM) containing four mutations at the S1-S4 domain (F472S, L507M, L510T, Q530E) that render it sensitive to the TRPV1-specific agonist resiniferatoxin, without otherwise altering its biophysical properties ([@bib97]; [@bib99]), and has been used for structural determination in several studies ([@bib109]; [@bib111]).

Structural and sequence alignments {#s4-3}
----------------------------------

The TRP channel structures listed in the [Supplementary file 1](#supp1){ref-type="supplementary-material"} were obtained from the Protein Data Bank. The transmembrane (TM) domain of each structure was defined as the pre-S1, S1-S6 helices, and TRP box domains. The TM domains were aligned pairwise using Fr-TM-Align ([@bib63]), which aligns the structures and produces the corresponding sequence alignment based on structural similarity, rather than sequence identity. The pairwise alignments of each structure with the template channel (PDB ID: 6co7; nvTRPM2) ([@bib102]) were merged to create the multiple sequence alignment, and template sequence gaps were removed. Pore geometry was determined using the MDAnalysis package implementation of the HOLE program ([@bib78]; [@bib51]; [@bib23]), and the pore radius corresponding to each pore-facing residue was defined as the minimum pore radius constrained by any atom in the residue.

Patch-clamp recordings {#s4-4}
----------------------

All experiments were done at room temperature (22°C) using the whole-cell configuration of the patch clamp, except for the noise-analysis which was done in inside-out patches. All electrophysiological data analysis was done using Igor Pro 6.34A (Wavemetrics). Data were acquired with an Axopatch 200B amplifier (Molecular Devices), filtered at 1 kHz for gap-free recordings (5 kHz for I-V relations and other protocols involving voltage-steps; 20 kHz for noise-analysis) and digitized at 4 kHz for gap-free recordings (20 kHz for protocols with voltage-steps; 100 kHz for noise analysis) with an Axon Digidata 1550A Low-Noise Data Acquisition System (Molecular Devices) and pClamp10 software (Molecular Devices). Pipettes were pulled from borosilicate glass (1.5 mm O.D. x 0.86 mm I.D. x 75 mm L; Harvard Apparatus) using a Sutter P-97 puller and heat-polished to final resistances between 0.5 and 5 MΩ using a MF-200 microforge (World Precision Instruments). 90% series resistance (R~s~) compensation was used in all whole-cell recordings, and those cells with estimated voltage errors \> 5 mV were discarded. An agar bridge (1M KCl; 4% wt/vol agar; teflon tubing) was used to connect the ground electrode chamber and the main recording chamber.

The intracellular recording solution consisted of (in mM): 130 NaCl, 10 HEPES, 10 EGTA, 10 MgCl~2~, 60 sucrose, pH 7.4 (NaOH). MgCl~2~ was included to both increase the quality of the seals and to block endogenous HEK293 channels. The intracellular solution for experiments with MTSEA was prepared daily and included 40 mM L-Cysteine as a scavenger ([@bib28]) and 20 mM sucrose instead of 60 mM. The extracellular solution consisted of (in mM): 150 NaNO~3~, 10 HEPES, 10 EDTA, 60 sucrose, pH 7.4 (NaOH). Although spontaneous disulfide formation between pore-facing cysteines can potentially confound the effects of Ag^+^, we excluded reducing agents from all our experiments because we found that dithiothreitol (DTT) interfered with the kinetics of block by Ag^+^ in Cys-less TRPV1 channels ([Figure 3---figure supplement 2A](#fig3s2){ref-type="fig"}). For most Ag^+^-modification experiments we used 2-APB as agonist because it unbinds faster than capsaicin, and it is a common agonist of TRPV1, TRPV2 and TRPV3 channels ([@bib30]). However, 2-APB is known to be fairly reactive ([@bib20]), so we verified that it did not interfere with a reported rate ([@bib43]) of Ag^+^-accessibility to a pore-facing cysteine in P2X2 receptors ([Figure 3---figure supplement 2B C](#fig3s2){ref-type="fig"}). For experiments with MTSEA at pH \~10, NaOH was added directly to the MTSEA-containing recording solution and the pH was estimated using pH-indicator strips. For experiments with 10 mM MTSET, additional NaOH was also included to maintain pH at \~7.4 as estimated using pH-indicator strips. For both MTSEA and MTSET experiments, we used capsaicin as an agonist because 2-APB did apparently react with both cysteine-modifying molecules (data now shown). For experiments in the absence of external Na^+^, identical solutions were used but Na^+^ was entirely substituted with N-methyl-D glucamine (NMDG).

Capsaicin stock solutions (100 mM) were prepared in ethanol. Fresh 2-aminoethyldiphenyl borinate (2-APB) stock solutions were prepared daily at 1 M in DMSO, and vigorously shaken once added to recording solutions. The freshness of 2-APB seemed an important factor in our experiments because 'older' reagents seemed to result in more rundown, possibly because sub-maximal activation of TRPV1, caused by partial degradation of the agonist, seems to enhance rundown even in WT channels (personal observation, data not shown). We therefore used only 1 mg 2-APB packs and discarded them whenever prominent rundown was observed in the experiments. Fresh MTSEA and MTSET (Toronto Research Chemicals) stock solutions were prepared at 1 M in water and kept on ice and added to the recording solution right before each experiment. AgNO~3~ stock solutions were prepared daily in water, first at 100 mM and then further diluted to 10 mM, for a final 1:1000 dilution for use in experiments at a total concentration of 10 µM in most experiments. Under our experimental conditions, a total of 10 µM AgNO~3~ was calculated to yield 50 nM free Ag^+^ using MaxChelator Software. For experiments with 2.3 nM estimated free Ag^+^, we started from a 100 mM stock solution, followed by a 1 mM stock and then a final total concentration in the recording solution of 0.4 μM. For experiments with 0.45 nM estimated free Ag^+^, we prepared three stock solutions sequentially (100 mM, 1 mM, 0.2 mM) and used a final total concentration of AgNO~3~ in the recording solution of 0.08 μM. All Ag^+^-containing solutions were covered in aluminum foil to protect them from light, as well as the solution container in the perfusion system. All chemicals were from Sigma Aldrich unless stated otherwise.

A gravity-fed rapid solution exchange system (RSC-200, BioLogic) was used in all experiments. In each experiment, cells were lifted from the coverslip and placed in front of glass capillaries perfused with different solutions. For accessibility experiments in either the open or the closed states, the sequence of perfusion-line changes to and from Ag^+^ was fixed to maintain identical conditions; for example, in experiments in the open state patches were first exposed to control solution (no agonist) in perfusion line 1, then to agonist in perfusion line 2, then to agonist + Ag^+^ in perfusion line 3, followed by sequential return to lines two and then back to 1. For experiments in the closed state, control was at line 2, followed by agonist at line 1, then back to control at line 2, followed by Ag^+^ (no agonist) at line 3, and then back to 2 and then 1. In all accessibility experiments, the timing for changes between perfusion lines was automated and controlled by the pClamp software and the motorized RSC-200 system.

The dose-response relations for Ag^+^-block were obtained piece-wise due to the rectification of the channel and the voltage-dependence of block: cells with large-enough currents to adequately assess block at negative potentials had currents at positive potentials that were too big to clamp, and cells with currents that could be adequately clamped at positive potentials had currents at negative potentials that were too small and similar in magnitude as control currents in the absence of agonist. We therefore discarded data points from our current families where the estimated voltage errors at positive potentials were \>5 mV, or where the current amplitudes at negative potentials were too close to the control values in the absence of agonist. Data from several experiments were therefore pooled to construct the final dose-response curves. In addition, prolonged exposure to Ag^+^ produced a progressive increase in leak currents, which further limited the accuracy of our recordings. We partially addressed this issue by repeatedly measuring I-V relations in capsaicin without Ag^+^ throughout the experiment and normalized the currents in the presence of Ag^+^ to the last-measured I-V curve in capsaicin alone. Unfortunately, due to the long times required to wash capsaicin off, we did not obtain leak currents except at the start of the experiment before the first application of capsaicin. In all I-V relations and protocols involving voltage-steps, these steps were applied at a frequency of 1 Hz.

For noise-analysis experiments, pipettes were covered in dental wax to reduce capacitive transients. In each experiment in the inside-out configuration, we obtained 50 traces of 400 ms duration at a constant voltage of −60 mV first in the absence of agonist and then in the presence of increasing concentrations of 2-APB or capsaicin. Patches were also held at −60 mV. Before acquiring the 50 test pulses, we made sure that the current had reached steady state at each agonist concentration.

Dose-response relations for Ag^+^-block {#s4-5}
---------------------------------------

Dose-response curves were obtained by calculating the fraction of current blocked (F) for each Ag^+^-concentration and membrane potential as: F = 1- (I~Ag~ -- I~ctrl~) / (I~0~ -- I~ctrl~), where I~Ag~ is the current magnitude at a given Ag^+^ concentration and voltage, I~ctrl~ is the initial current magnitude in the absence of agonist and I~0~ is the current magnitude in the presence of agonist without Ag^+^. Dose-response curves at every voltage were fit with the Hill equation with a fixed Hill coefficient (s) of 1.0: $F = base + \frac{\max{- base}}{1 + \left( \frac{K_{D,app}}{\left\lbrack Ag \right\rbrack} \right)^{s}}$ . Unconstrained fits all yielded Hill coefficients close to 1 (not shown). We did not fix the max or base values in the fits, because both leak and maximal currents without Ag^+^ were not perfectly constrained in our experiments.

Conductance-voltage relations {#s4-6}
-----------------------------

To obtain the conductance-voltage (G-V) relations for TRPV1, we fit a second-order polynomial to data from I-V relations between −20 and +20 mV to calculate the reversal potential (V~rev~), and then calculated the conductance from the I-V relations (excluding points from −20 to +20 mV) as: $G\left( V \right) = \frac{I_{steady - state}\left( V \right)}{V - V_{rev}}$.

Noise analysis {#s4-7}
--------------

Data for noise analysis was obtained in the inside-out configuration at several agonist concentrations in the same patch, either capsaicin or 2-APB, with 50 current traces of 400 ms duration per agonist concentration (2-APB: 0.05 mM, 0.1 mM, 0.25 mM, 0.5 mM, 1.0 mM, 4.0 mM; capsaicin: 20 nM, 50 nM, 200 nM, 1.0 µM, 10.0 µM, 20.0 µM; different sets of patches were used for capsaicin or 2-APB). The variance (*σ^2^*) for each agonist concentration was calculated as: $\sigma^{2}\left( t \right) = \frac{1}{49}{\sum\limits_{j = 1}^{50}{\left( {I_{j}\left( t \right) - \overset{-}{I}\left( t \right)} \right)^{2}}}$([@bib2]; [@bib76]), where *I~j~(t)* is the current for current trace number *j* at time *t*, and *Ī(t)* is the mean current for all 50 current traces at time *t*. We then calculated the steady-state *σ^2^(t)* and *Ī(t)* values as their mean at the end of the 400 ms trace, and obtained plots of *σ^2^* vs *Ī* for each individual patch and agonist concentration. The plots were fit to:$$\sigma^{2} = \overset{-}{I} \times i - \frac{{\overset{-}{I}}^{2}}{N},$$where *i* is the single-channel current amplitude at -60 mV, and *N* is the number of agonist-responsive TRPV1 channels in the patch. We calculated for each patch the open probability (P~o~) for each agonist concentration as: $P_{o} = \frac{\overset{¯}{I}}{N \times i}$, and plotted the mean ± SEM for the P~o~ and the normalized variance, from data pooled from all 5 patches per agonist. The magnitude of the single-channel current was slightly underestimated, as previously described for this analysis method ([@bib36]). We used the P~o~ values at each agonist concentration to also obtain agonist dose-response relations, which were fit with the Hill equation without any fitting constraints.

Estimate for the change in P~o~ in response to agonists {#s4-8}
-------------------------------------------------------

To estimate a lower limit for the change in P~o~ in response to agonists, we simply took the ratio between the steady-state current magnitude in the presence of agonist and the basal currents in the absence of agonist, recorded before treatment with any cysteine modifier. This is expected to underestimate the true change in P~o~, because leak currents constitute the major component for the current magnitude in the absence of agonist. In addition, the degree to which the change in P~o~ caused by the agonists is underestimated by our method is very sensitive to the absolute magnitude of the current in the presence of agonist, because the level of leak was similar in most experiments, whereas current magnitudes in response to agonist could vary in over an order of magnitude between experiments. These issues with our estimate of P~o~, however, do not diminish the strength our conclusions because for all experimental conditions and current magnitudes in the presence of agonist we found the change in P~o~ estimated this way to always be larger than the change in the rates of modification in the open vs the closed state.

Time-courses and rates of Ag^+^ modification {#s4-9}
--------------------------------------------

For all representative current traces for cysteine-modification experiments, the zero-current level is indicated with a blue dotted line. For all Ag^+^-modification experiments, we first obtained six current traces without any exposure to Ag^+^, after which the metal was applied in either the open or the closed state, with a single application per trace. Some batches of cells exhibited more pronounced rundown, and we discarded all cells in which the 2-APB-activated current was reduced by more than 50% after the first six sweeps without Ag^+^. Only the first six traces in which cells were exposed to Ag^+^ are shown in the figures, with the first one at the front in black, and the gray-scale intensity decreasing with every repetition number. However, for most experiments we recorded a total of 12 traces with one exposure to Ag^+^ in each. Time-courses for irreversible current inhibition caused by coordination of Ag^+^ ions by introduced cysteines were obtained by measuring the mean steady-state current during stimulation with 2-APB and before exposure to Ag^+^ in each sweep and plotted as a function of exposure time to Ag^+^. In every experiment, we subtracted the control current in the absence of agonist measured from each current trace right before application of the agonist from the mean-steady state current in the presence of the agonist. This allowed us to correct for changes in baseline during the recording caused by an increase in the leak currents. We always used the mean steady-state current magnitude in the presence of agonist before the first application of Ag^+^ in each experiment to normalize the entire time-course, which we also set as t = 0. Data at t \< 0 correspond to the initial six traces recorded in each experiment before cells were exposed to Ag^+^, and therefore rundown before t = 0 is observed as normalized current values \> 1 in time courses where the entire experiment is depicted as a function of total experiment time. The rates of modification were calculated as (1/τ)/\[Ag^+^\]~free~, where τ was obtained from the mono-exponential fits to the time-courses, and \[Ag^+^\]~free~ is the estimated concentration of free Ag^+^. We did not apply any correction for rundown in most of our experiments because we considered its contribution to be negligible relative to the effects of Ag^+^ under our experimental conditions. Importantly, we selected an overall Ag^+^ concentration and exposure times to Ag^+^ in each experiment that would result in much faster decrease in current due to modification by Ag^+^ rather than rundown. We used the initial six traces without exposure to Ag^+^ in every experiment to check that this was indeed the case. TRPV2-QM + I642C channels, however, exhibited more prominent rundown than other constructs and we therefore compensated for rundown in experiments with this construct. To do this we obtained a mean time course of current reduction upon repeated stimulations with 2-APB (and no exposure to Ag^+^), fitted the data to a mono exponential function ([Figure 4B](#fig4){ref-type="fig"}, blue curve: *I~fit~(t) = (1--0.045) \* exp(-t/84.57 s) + 0.045*), and divided subsequent time courses starting at t = 0 by *I~fit~(t)* to compensate for rundown.

Time-courses of modification by MTS reagents {#s4-10}
--------------------------------------------

The rates of irreversible covalent cysteine modification by the MTS reagents was in general slower than the irreversible effects of Ag^+^, especially for MTSET and the lower concentration of MTSEA that we tested (0.1 mM). We therefore performed experiments in a way that would allow us to more accurately correct for the effects of rundown to obtain a better estimate of the actual rate of modification by the MTS reagents. To achieve this, we performed experiments in which cells were alternatingly exposed to solutions that did or did not contain MTS reagents, while keeping everything else in the experiment identical, such as the duration of exposure to agonist or control solution without agonist. At the end of each experiment, which consistent of a total of 12 recorded traces, we obtained two separate time courses reflecting the decrease in current due to rundown, obtained from those traces in which the cell was not exposed to the MTS reagent, or the decrease caused by rundown in combination with the irreversible modification of cysteines by the MTS reagent, obtained from the traces in which the cell was exposed to the MTS reagent. To extract this information from the data, we first subtracted the control currents measured right before stimulation with the agonist from the steady-state currents in the presence of agonist (i.e. leak-subtraction), and from this we computed the fractional decrease in current *F* between each pair of contiguous sweeps as: *F~j~ = (I~j~ -- I~j+1~)/I~j~*, where *I~j~* and *I~j+1~* are the mean leak-subtracted steady-state current magnitudes in capsaicin in two adjacent sweeps j and j+1. Because of the alternating protocol that we used, the calculated *F*~j~ values alternatingly reflect the decrease due to rundown alone, or due to rundown together with the reaction with the MTS agent. Each data point in our rundown-corrected time courses was therefore obtained as: *I~j+1~ = I~j~ -- I~j~ x F~2j+1~ + I~j~ x F~2j~* (see [Figure 6B and G](#fig6){ref-type="fig"}). The time-courses for rundown alone were obtained from: *I~j+1~ = I~j~ -- I~j~ x F~2j~* (see [Figure 6---figure supplement 1D and F](#fig6s1){ref-type="fig"}, empty symbols), and those including both rundown and MTS-dependent inhibition as: *I~j+1~ = I~j~ -- I~j~ x F~2j+1~* (see [Figure 6---figure supplement 1D and F](#fig6s1){ref-type="fig"}, filled symbols). We calculated \[MTSEA^+^\] as a function of pH as: \[MTSEA\]~tot~ x \[H^+^\] / (K~a~ + \[H^+^\]), and \[MTSEA^0^\] as \[MTSEA\]~tot~ - \[MTSEA^+^\].

Statistical analysis {#s4-11}
--------------------

All group data are shown as mean ± SEM. Some data were subject to a two-tailed heteroscedastic t-test as implement in Excel.
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**Acceptance summary:**

This study examines whether the selectivity filter acts as an activation gate in TRPV subfamily channels, which is an important open question in the entire TRP channel field. In several TRP channels, including TRPV1, structural data show clear opening, in response to agonists, of a gate near the cytosolic end of the transmembrane pore. However, the selectivity filter, located close to the extracellular end of the ion permeation pathway, also shows conformational changes upon agonist binding, and it is unclear whether under resting conditions it also restricts ion movement. Other 6-transmembrane tetrameric channels show variability in this respect; in some channels the selectivity filter serves as the gate, in others it does not. The authors test state-dependence of accessibility to extracellularly applied Ag^+^ ions of positions located intracellularly of the selectivity filter in TRPV1, TRPV2, and TRPV3 channels. They show that cysteines engineered into such positions are irreversibly modified by extracellularly applied Ag^+^, and find a minimal dependence of this modification rate on channel open probability. Even larger cationic reagents are seen to permeate through the selectivity filter of closed rTRPV1 channels. The conclusion is that the selectivity filter does not act as an activation gate in TRPV-type channels but is in a conducting conformation even when the channels are closed. On the other hand, the observed modest state dependence of modification rates implies some structural rearrangement in the filter coupled to gate opening. The work beautifully illustrates how rigorous functional studies can clarify molecular mechanisms in the post-structure era.

**Decision letter after peer review:**

Thank you for submitting your article \"The selectivity filter functions as an actuator not a gate during TRPV1 channel gating\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, including László Csanády as the Reviewing Editor and Reviewer \#1, and the evaluation has been overseen by Richard Aldrich as the Senior Editor. The following individuals involved in review of your submission have agreed to reveal their identity: Seok-Yong Lee (Reviewer \#2); Tibor Rohacs (Reviewer \#3).

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

Summary:

This exhaustive study examines whether the selectivity filter acts as an activation gate in TRPV subfamily channels, which is an important open question in the TRP channel field. Structural data show clear opening of the cytoplasmic S6 helix gate in response to agonists in several TRP channels, including TRPV1. The selectivity filter however also shows conformational changes upon agonist binding, and it is not clear whether under resting conditions it restricts ion movement. Other six transmembrane tetrameric channels show variability in this respect; in some channels the selectivity filter serves as the gate, in others it does not. The authors test state-dependence of accessibility to extracellularly applied Ag^+^ ions of two different positions located intracellularly of the TRPV1 selectivity filter. They show that cysteines engineered into positions 679 or 642 of rTRPV1 are irreversibly modified by extracellularly applied Ag^+^, and find a minimal dependence of this modification rate on channel open probability. They then obtain similar results on rTRPV2 and mTRPV3 channels. Finally, they show that even larger cationic reagents such as MTSEA can permeate through the selectivity filter of closed rTRPV1 channels and modify the engineered cysteine at position 679. The conclusion is that the selectivity filter does not act as an activation gate in TRPV-type channels but is in a conducting conformation even when the channels are closed. The data are convincing and support the above conclusion. However, several concerns were raised by the reviewers regarding presentation and interpretation which will need to be addressed.

Essential revisions:

1\) The authors compare the fold-change in P~o~ with the fold-change in modification rate by Ag^+^ upon agonist stimulation. They consistently observe state-dependence for the modification rate but smaller than the fold-change in P~o~ (2-10 fold vs. \>100 fold), which forms the basis of the authors\' conclusion that the selectivity filter does not act as a gate. However, this comparison assumes that the rate of covalent modification of the cysteine by Ag^+^ is fast, and therefore rate limited by Ag^+^ permeation through the selectivity filter. Thus, comparison of the change in modification rate with the fold-change in Po is not an ideal control. The target position 679 (in rTRPV1) is below the filter but above (or right at) the cytosolic gate, and the authors claim that it is accessible to extracellular Ag^+^ in both open and closed channels. A better control for this claim would be to engineer a cysteine into a target position which is below the cytosolic gate (e.g., G683C or N687C), and test its accessibility to external Ag^+^. Demonstration of pronounced state dependence of accessibility would provide a strong control for the experiments targeting position 679, and prove that extracellular Ag^+^ can access the engineered pore cysteines indeed only by entering through the pore itself. Furthermore, this would allow the authors to state not only that the filter is not a gate, but also that the bundle crossing is a gate.

2\) The authors interpret the modest state-dependence of accessibility of position 679 to external Ag^+^ and MTSEA^+^, and its inaccessibility to MTSET^+^ in the closed state, to imply that the selectivity filter changes conformation upon activation (Discussion, third paragraph). Instead, accessibility might be restricted locally, in the immediate vicinity of position 679. Indeed, the choice of position 679 for showing external accessibility through the pore in the closed state is a bit unfortunate, as I679 forms the cytoplasmic gate, which itself obviously undergoes state-dependent conformational changes (it constricts in the closed state). The other tested position, 642, is so close to the filter that again alternative explanations may come into play. Demonstration of a modest state dependence of accessibility of cavity position 675 would be a more convincing argument for supporting a state-dependent conformational change of the filter. The authors should either add such experiments or tone down the conclusion about state-dependent conformational changes in the filter, leaving room for alternative explanations.

3\) While the data show convincingly that the selectivity filter does not serve as a gate, we do not think the authors made the case that it serves as an actuator. Indeed it is not entirely clear what they mean by this term. There is little evidence to be found in the data to support the notion that the selectivity filter is able to regulate opening of the cytoplasmic gate as none of the agonists used in the study (2-APB, capsaicin) act on the external pore. Without experiments that directly probe stimuli that act on the external part of the pore (DkTx or H^+^) it is difficult to make conclusions about the ability of the selectivity filter to regulate the opening of the cytoplasmic gate. We recommend removing speculations on the \"actuator\" role of the filter from title and Abstract, and addressing this possibility more carefully in the Discussion.

4\) Extrapolation of the authors\' conclusions on TRPV1, TRPV2 and TRPV3 to other TRP channels seems somewhat problematic. First, TRP channels exhibit a range of ionic selectivities (Ca^2+^ selective TRPV5 and TRPV6, monovalent selective TRPM4 and TRPM5) and structures around the external pore (two pore helices in TRPA1, the tight structure of the selectivity filter in TRPML3, the wide-set external pore of TRPM8). Even within the TRPV1-4 subfamily, there are significant differences in the structure of the external pore. For example, TRPV3 does not possess a turret like TRPV2 and TRPV1 and its selectivity filter appears not to change during ligand gating (Singh et al., 2018; Zubcevic et al., 2018; Zubcevic et al., 2019). In light of such variability, extrapolation of the present results to other TRP channels without supporting experimental data is speculative.

5\) The manuscript could benefit from more clarity in the writing and better explanations for the use of specific constructs and agonists. E.g. why do the authors use 2-APB in some experiments and capsaicin in others? Why use the full-length C157A construct rather than wild type TRPV1? Why is the TRPV2-QM construct (please define construct!) used when channels are activated only by 2-APB? Why wasn\'t RTx used in any of the experiments? As previous work from the authors has shown, it is a potent agonist for both TRPV1 and TRPV2, with P~o~ values approaching 1.
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Author response

> Essential revisions:
>
> 1\) The authors compare the fold-change in Po with the fold-change in modification rate by Ag+ upon agonist stimulation. They consistently observe state-dependence for the modification rate but smaller than the fold-change in Po (2-10 fold vs. \>100 fold), which forms the basis of the authors\' conclusion that the selectivity filter does not act as a gate. However, this comparison assumes that the rate of covalent modification of the cysteine by Ag+ is fast, and therefore rate limited by Ag+ permeation through the selectivity filter. Thus, comparison of the change in modification rate with the fold-change in Po is not an ideal control. The target position 679 (in rTRPV1) is below the filter but above (or right at) the cytosolic gate, and the authors claim that it is accessible to extracellular Ag+ in both open and closed channels. A better control for this claim would be to engineer a cysteine into a target position which is below the cytosolic gate (e.g., G683C or N687C), and test its accessibility to external Ag+. Demonstration of pronounced state dependence of accessibility would provide a strong control for the experiments targeting position 679, and prove that extracellular Ag+ can access the engineered pore cysteines indeed only by entering through the pore itself. Furthermore, this would allow the authors to state not only that the filter is not a gate, but also that the bundle crossing is a gate.

We agree with the reviewers that the central assumption that the rate of cysteine modification by Ag^+^ was not formally tested in any of our experiments. We attempted to perform modification experiments using a construct with a substituted cysteine below the I679 gate, but none of the constructs we generated (L681C, G683C and N687C) were irreversibly modified by Ag^+^ (although all of them exhibited Ag^+^-dependent block like that observed in the cysteine-less background construct). Instead, we have now included data showing that the ratio between the rates modification in the closed and open states is maintained over a wide range of Ag^+^-concentrations below the one we had tested in the original version of the manuscript (Figure 3E and Figure 3---figure supplement 4). Notably, the modification rates in the closed and open state become slower as the concentration of Ag^+^ is decreased, indicating that our rates reflect accessibility of the metal. We have also included a paragraph discussing this issue (subsection "The selectivity filter of TRPV1 does not gate access to Ag^+^", third paragraph). As a result of the inclusion of the new data, we have moved the data showing a lack of correlation between the rates of modification in the closed state and our estimate of Po to the new Figure 3---figure supplement 5.

> 2\) The authors interpret the modest state-dependence of accessibility of position 679 to external Ag^+^ and MTSEA^+^, and its inaccessibility to MTSET^+^ in the closed state, to imply that the selectivity filter changes conformation upon activation (Discussion, third paragraph). Instead, accessibility might be restricted locally, in the immediate vicinity of position 679. Indeed, the choice of position 679 for showing external accessibility through the pore in the closed state is a bit unfortunate, as I679 forms the cytoplasmic gate, which itself obviously undergoes state-dependent conformational changes (it constricts in the closed state). The other tested position, 642, is so close to the filter that again alternative explanations may come into play. Demonstration of a modest state dependence of accessibility of cavity position 675 would be a more convincing argument for supporting a state-dependent conformational change of the filter. The authors should either add such experiments or tone down the conclusion about state-dependent conformational changes in the filter, leaving room for alternative explanations.

The reviewers are right to point out that our data with MTSEA and MTSET can be explained by local state-dependent changes in the S6 rather than by conformational changes in the filter, which we did not stress clearly enough in the previous version of the manuscript. We have now made this clear in the Discussion section (Discussion, fourth paragraph). However, we believe that both the data from the structures, as well as several lines of evidence from functional experiments, strongly suggest that conformational changes in the filter do occur as channels activate, at least in the case of TRPV1 and TRPV2. We have therefore re-organized our discussion of our findings to reflect that our MTSEA and MTSET are consistent with the data from previous reports, although they still might have alternative explanations.

> 3\) While the data show convincingly that the selectivity filter does not serve as a gate, we do not think the authors made the case that it serves as an actuator. Indeed it is not entirely clear what they mean by this term. There is little evidence to be found in the data to support the notion that the selectivity filter is able to regulate opening of the cytoplasmic gate as none of the agonists used in the study (2-APB, capsaicin) act on the external pore. Without experiments that directly probe stimuli that act on the external part of the pore (DkTx or H^+^) it is difficult to make conclusions about the ability of the selectivity filter to regulate the opening of the cytoplasmic gate. We recommend removing speculations on the \"actuator\" role of the filter from title and Abstract, and addressing this possibility more carefully in the Discussion.

We have now removed the speculations on the actuator mechanism from the title and presented them in the Abstract in a clearer fashion and as a proposal that does not derive directly from the findings in this manuscript. We agree that there is no evidence in our data in support of this mechanism. However, we think that the evidence from both the structural and functional data strongly suggests that the selectivity filter region does indeed undergo conformational changes that are associated with channel activation. We therefore think that it is important to provide a hypothesis to reconcile the presence of this conformational changes with our finding that the selectivity filter does not function as an activation gate. We have now more clearly described this hypothesis in the last paragraph of the Discussion.

> 4\) Extrapolation of the authors\' conclusions on TRPV1, TRPV2 and TRPV3 to other TRP channels seems somewhat problematic. First, TRP channels exhibit a range of ionic selectivities (Ca^2+^ selective TRPV5 and TRPV6, monovalent selective TRPM4 and TRPM5) and structures around the external pore (two pore helices in TRPA1, the tight structure of the selectivity filter in TRPML3, the wide-set external pore of TRPM8). Even within the TRPV1-4 subfamily, there are significant differences in the structure of the external pore. For example, TRPV3 does not possess a turret like TRPV2 and TRPV1 and its selectivity filter appears not to change during ligand gating (Singh et al., 2018; Zubcevic et al., 2018; Zubcevic et al., 2019). In light of such variability, extrapolation of the present results to other TRP channels without supporting experimental data is speculative.

We agree with the reviewers and have removed the statement claiming that our findings related to the role of the selectivity filter in gating in TRPV1, TRPV2 and TRPV3 could extend to other members of the TRP family, and substituted it with a new paragraph that simply states that for most other TRP channels, the filter has not been observed to adopt non-conducting conformations (Discussion, third paragraph). We still present the argument that the S6 helix is likely to form the activation gate for all members of the TRP family, as we think there is enough evidence from the structures and from some functional experiments to support this hypothesis (Discussion, second paragraph).

> 5\) The manuscript could benefit from more clarity in the writing and better explanations for the use of specific constructs and agonists. E.g. why do the authors use 2-APB in some experiments and capsaicin in others? Why use the full-length C157A construct rather than wild type TRPV1? Why is the TRPV2-QM construct (please define construct!) used when channels are activated only by 2-APB? Why wasn\'t RTx used in any of the experiments? As previous work from the authors has shown, it is a potent agonist for both TRPV1 and TRPV2, with Po values approaching 1.

We thank the reviewers for pointing this out. We have now included additional information on the use of agonists and the selection of constructs in the Results section. We used 2-APB in most experiments because it maximally activates TRPV1, TRPV2 and TRPV3 channels with a dissociation constant that is much faster than capsaicin or RTx, which was important for the experiments in the closed state. 2-APB appeared to react with the MTS reagents, and therefore we used capsaicin as an agonist in these experiments. We selected TRPV2-QM for our experiments because this construct exhibits less rundown compared to the WT channel and has been used in many of the structural studies. We do not use RTx because it has exceedingly high affinity (and accumulates in membranes) and does not appear to dissociate from the channels once they are activated, precluding closed-state accessibility experiments. Finally, we used the C157A mutant as C157 has been shown to react with intracellular cysteine-modifying reagents. Importantly, the C157A mutation behaves identical to WT in regards to voltage-dependence and capsaicin sensitivity.
